Review
Mining the extracellular matrix for tissue engineering applications Cell behavior and phenotype are regulated by various signals, including neuroexcitory stimuli and mechanical forces, as well as a variety of physical cues, including soluble growth factors, cytokines, ion gradients and differentiation factors [1] . The extracellular matrix (ECM) comprises a complex mixture of proteins, complex carbohydrates, enzymes, lipids and signaling molecules that aid tissue and organ morphogenesis, and maintain cell and tissue structure and function [2] [3] [4] [5] [6] [7] [8] . The basement membrane is an intricate network of intertwined ECM molecules that organize, polarize and guide the cells residing on the basement membrane and aid their development into complex tissue microstructures [9, 10] . Epithelial, endothelial, muscle, fat and nerve cells are all surrounded by the basement membrane, which structurally supports them and provides functional cues [11] . These structural and functional cues are highly specific to each cell and tissue type. In addition, the basement membrane also serves as a barrier to invasion and aids in establishing cell polarity, differentiation and migration [12] . In certain cases, such as conditions of injury and wound healing, basement membrane proteins can guide cell migration [13] . The protein components of secreted ECMs organize themselves in precise ordered networks that are specific to cell and tissue type. While epithelial and endothelial cells have a defined basement membrane that underlies them, mesenchymal cells are surrounded by the pericellular matrix, which can be loose or dense. Unlike the basement membrane, the pericellular matrix does not form a sheet-like barrier between cell layers, but instead surrounds cells to provide functional cues with which the cell interacts. In some cases, such as the dense pericellular matrix of cartilage tissue, a barrier to blood vessel invasion is created.
Epithelial basement membrane
Epithelial cells serve as a primary barrier function in tissues and organs, and, thus, their basement membranes are designed to serve a selective permeability function. Although the basement membranes are comprised of diverse macromolecules, the predominant components of the epithelial basement membrane are laminin, collagen IV, perlecan/heparan sulfate proteoglycan 2 (Pln) and entactin/nidogen [14] . Varying expression of these proteins and their isoforms can generate tissue-specific functional diversity [15] . Laminin and collagen IV form complex networks that provide structural integrity to the basement membrane. The laminin family consists of 16 heterotrimeric isoforms that contain an a-chain, b-chain and g-chain. These three chains come together to form either the cruciform or the T-shaped structure. Laminin molecules contain one long arm and two or three short arms. The long arm consists Tissue engineering is a rapidly evolving interdisciplinary field that aims to regenerate new tissue to replace damaged tissues or organs. The extracellular matrix (ECM) of animal tissues is a complex mixture of macromolecules that play an essential instructional role in the development of tissues and organs. Therefore, tissue engineering approaches rely on the need to present the correct cues to cells, to guide them to maintain tissue-specific functions. Recent research efforts have allowed us to mine various sequences and motifs, which play key roles in these guidance functions, from the ECM. Small conserved peptide sequences mined from ECM molecules can mimic some of the biological functions of their large parent molecules. In addition, these peptide sequences can be linked to various biomaterial scaffolds that can provide the cells with mechanical support to ensure appropriate cell growth and aid the formation of the correct tissue structure. The tissue engineering field will continue to benefit from the advent of these mined ECM sequences which have two major advantages over recombinant ECM molecules: material consistency and scalability.
future science group Review Pradhan & Farach-Carson of a coiled-coil stalk region made up of all three chains (a, b and g), and a globular region that is contributed by the a-chain. The short arms are composed of individual a-, b-or g-chains [15] [16] [17] [18] [19] . The major cell-binding sites of the molecule can be found at the N-or C-terminal domains of the a-subunit [15] . Some laminin molecules, including laminin-111, -211 and -121, possess three short arms with N-terminal binding sites for self-polymerization, which lead to the formation of layered sheets [15, 17, 20, 21] . Other laminin molecules, such as laminin-411, -421 and -423, which possess two short arms and two binding sites, require additional molecules for assembly, while laminin-332, which contains only one binding site, can bind other ECM proteins and form different structures [17, 20, 22] . These various laminin isoforms associate with specific cellular receptors and form stable interactions that are both cell type and tissue type specific [16, 19, 23] . Laminin-332 and -511 are found enriched in the basement membrane of the skin [22] . Specifically, they are found in the basement membrane that divides the epidermis from the dermis [22] . Laminin-511 also acts as a major structural component in many basement membranes [22] . Laminin-332, although deficient in self-polymerizable capabilities, binds several laminin isoforms including laminin-311 and -321, and interacts with other ECM proteins, such as collagen IV and collagen VII, Pln and fibulin [22, 24] .
Similar to laminins, collagens can assemble into supramolecular networks that form the basement membrane [11] . The collagen molecule has a triple helical part that is composed of three a-chains, which are made up of repeating peptide triplets of glycine-X-Y, where X and Y can be any amino acid [25, 26] . These triple helical regions are termed collagenous domains, while regions lacking the glycine-X-Y peptides are termed noncollagenous domains [25] . Among vertebrates, 28 different types of collagen, with 46 distinct polypeptide chains, have been identified [25] [26] [27] . Collagen IV, only found in the basement membranes, is an important structural component, which interacts with cells that reside on it. Its interaction with cellular receptors is important for various biological processes, including cell adhesion, migration, differentiation and proliferation [27] . Six genetically distinct a-chains give rise to different collagen IV isoforms that confer tissue specificity through their disparities [11, 27] . In most epithelia, including the epidermis of the skin, the composition of collagen IV is [a1(IV)] 2 a2(IV) [9] .
Collagen IV molecules are covalently crosslinked at their noncollagenous C-terminal and globular N-terminal domains to form a mesh that provides mechanical stability to the basement membrane [9] . In addition, noncovalent interactions with Pln and nidogen further link the basement membrane networks [28] . Pln and several other proteoglycans bind heparinbinding growth factors and add selectivity to the basement membrane through their chargedependent interactions [29] . Since each of these basement membrane molecules have various motifs that are involved in specific interactions and confer specific functions to cells, many researchers seek to mine ECM molecules for such functional motifs.
Endothelial basement membrane
Laminins are major components of the endothelial basement membranes and dictate much of basement membrane structure and assembly. Other basement membrane components include collagen IV, Pln, entactin/nidogen and collagen XVIII [30, 31] . Adhesive inter actions between integrins and the ECM are vital for endothelial cell survival, migration, proliferation, morphogenesis and neovascularization [32] .
The endothelial cell basement membrane mostly contains laminin-411 and -511 isoforms [31, 33, 34] . Laminin-411 is the pre dominant laminin found in the vascular basement membrane during embryonic develop ment. Laminin-411 is also found in adult tissues and represents the primary isoform found in vascular capillaries [9, 15, 31] . However, in adult tissues, laminin-511 is more commonly synthesized by the endothelial cells and plays a major role in basement membrane assembly owing to its self-polymerizing abilities [33, 35] . Although laminin-411 is deficient in self-assembly into basement membrane networks owing to the lack of globular domains needed for selfpolymerization, it can incorporate itself into networks formed by other basement membrane proteins [30, 33, 36] .
Collagen type IV isoform [a1(IV)]2 a2(IV) is a major collagen present in endothelial basement membranes [37, 38] . Deletion of collagen type IV results in embryonic lethality, caused by vascular defects caused by unstable basement membranes [39] . Pln-null mice demonstrated similar vascular defects as collagen IV-null mice revealing the importance of these proteins for maintaining the stability of vascular basement membranes under conditions of mechanical stress [40] . In addition, some studies suggest future science group Mining the extracellular matrix for tissue engineering applications Review that the absence of collagen IV, or absence or cleavage of Pln can render endothelial ECM at risk of proteolysis, and blood vessels at risk of rupture or disassembly [32, 41, 42] .
The C-terminal domain of Pln displays antiangiogenic activity via its interaction with integrin a 2 b 1 [43] . This 85-kDa fragment, termed endorepellin, is an inhibitor of endothelial cell migration, vessel growth and tube morphogenesis [44] . Endorepellin has now been used to target tumor vasculature in mouse cancer models [45] . Similarly, a 38-kDa fragment from plasminogen, termed angiostatin, inhibits proliferation of vascular endothelial cells [46] . In addition, type XVIII collagen contains an anti-angiogenic fragment, commonly known as endostatin, in its C-terminal globular noncollagenous domain [37] . A protease-sensitive hinge separates this fragment from the collagen mole cule [47] . Upon cleavage, endostatin accumulates in blood plasma and tissue extracts [37] . Furthermore, type XV collagen, which is highly homologous to collagen XVIII, also contains an anti-angiogenic fragment in its C-terminal noncollagenous domain [37, 48] . This fragment, known as restin, is also homologous to endostatin, and inhibits endothelial cell migration in a manner that is similar to endostatin [48] . Therefore, it is a useful approach to mine the ECM for these motifs that can independently exert certain desired functions in vitro as well as in vivo.
Mining the endothelial ECM for functional motifs that can aid endothelial cell proliferation and tube morphogenesis will be instrumental for tissue engineering applications involving the generation of new blood vessels.
ECM of the mesenchyme
The ECM is a vital component of the mesenchymal niche. The mesenchymal ECM consists of various proteins such as collagens I, III, IV, V and VI, laminin, fibronectin, proteoglycans, such as syndecan, Pln, decorin, and the glycosaminoglycan (GAG) hyaluronan [49, 50] . The pericellular matrix that surrounds mesenchymal cells varies greatly depending on the cell type and lineage. Mesenchymal stem cells can differentiate into four different lineages (chondrocytes, osteoblasts, myoblasts and adipocytes), depending on the signals that they receive from their microenvironment [51, 52] . Mining the ECM for motifs that can aid mesen chymal stem cells differentiation into functional osteoblasts will add a new tool for use in bone tissue engineering.
recreating ECM for tissue engineering applications
Tissue engineering aims to restore the function of living tissues by replacing damaged tissues or organs. Natural or synthetic scaffolds that match the mechanical properties of the native tissue can be used to foster the growth of cells. Various types of biomaterials including synthetic polymers, such as poly-l-lactic acid, polyglycolic acid or polyethylene glycol, or naturally occurring polymers, such as hyaluronan or chitosan, and inorganics, such as hydroxyapatite, can be used in tissue engineering [53] . In addition, there are further structural or functional classifications of the biomaterials, such as their ability to be injected, their ability to be modified on their surface, their capability for drug delivery or their ability to become water-absorbing hydrogels [53] [54] [55] [56] [57] . It is ideal that the mechanical properties of the biomaterial match those of the target tissue to be engineered, as these properties can guide behavior and differentiation of delivered cells [53] . The porosity of the biomaterial impacts the ability of the delivered cells to migrate in the scaffold, the accessibility of nutrients, and penetration and diffusion of growth factors, to allow growth and differentiation of the cells in the scaffold [58] . Porosity also alters the ability of the material to protect the cells from dispersing into the surrounding environment [53] .
It is vital for a specific cell type to receive the right cues from its microenvironment in order to lead to the growth, adhesion and differentiation into an organized tissue structure. The basement membrane that underlines epithelial and endothelial tissues, and the ECM proteins that guide the behavior of mesenchymal connective tissues are principal factors responsible for maintaining cellular phenotype and functionality.
Cell-cell adhesion and cell-ECM adhesion are crucial for tissue formation and maintenance of structural integrity. Tissue engineering strategies can involve analyzing the interactions between cells and the ECM, and studying the resulting changes in cell behavior in various contexts. Identification of binding sites and key motifs in ECM proteins that interact with cellular receptors will allow researchers to generate small peptides that can mimic the function of large ECM proteins. It is crucial that these small peptides are able to interact with the same cell surface receptor(s) as their parent ECM mole cule and activate the appropriate signaling pathways that are consistent with the phenotype future science group
The following sections describe some examples of ECM-derived motifs that have been used for modulating cell behavior and could be useful for tissue engineering applications.
n RGD amino acid sequence The RGD sequence, originally discovered as the cell-binding motif in fibronectin, promotes integrin-mediated cell attachment to the ECM. Several other adhesion proteins, including laminin, fibrinogen, vitronectin, tenascin, thrombo spondin, entactin, bone sialoprotein, osteopontin and certain collagens, contain RGD sites [59] [60] [61] [62] [63] [64] [65] [66] . Eight b-subunits can assemble with 18 a-subunits to form 24 distinct integrins [67] . In addition, approximately half of the 24 known integrins can bind the RGD sequence in various ECM proteins [68] [69] [70] [71] . Each of the integrin subunits contains binding sites for the ligand and contributes to ligand specificity. Site-directed mutagenesis and crosslinking of RGD peptides to integrins were used to identify a ligand binding site in the integrin a IIb b 3 . The site was localized to the N-terminus of the b-subunit within the first 200 amino acid residues [72, 73] . The same region of the b3 subunit in the integrin a v b 3 is utilized through its crosslinking to an RGD peptide [74] .
Several studies suggest that RGD sites represent a matricryptic signal from ECM proteins [75] [76] [77] [78] . Normally, the RGD sequence is not exposed within the ECM proteins unless the proteins self-assemble, are proteolytically modified or are adsorbed into matrices [75, 78] . Owing to its small structure, the RGD sequence can be easily combined with peptides. Although the RGD peptide can promote cell attachment when coated on a surface, it can inhibit adhesion when in solution by blocking integrin binding sites (Figure 1) [79] . RGD peptides are useful for tissue engineering applications since they can be used to provide cell attachment to nonadhesive surfaces, and can be easily combined with scaffolds or biomaterials [80] [81] [82] .
n YIGSR & IKVAV amino acid sequences in laminin Laminins are heterotrimeric proteins with three distinct chains: a, b and g [17] . Laminin-111 (also called laminin-1) comprises the a1-, b1-and g1-chains. The YIGSR amino acid sequence resides on the b1-chain. The YIGSR sequence is involved in endothelial cell adhesion, neural crest migration and cell signaling [17, [83] [84] [85] . Glass coated with YIGSR promotes increased adhesion and spreading of endothelial cells, but YIGSR does not support platelet attachment [86] . In addition, when combined with FGF, the YIGSR peptide enhances proliferation and motility of aortic endothelial cells [87] . A 67 kDa laminin receptor, found on a variety of cell types, including tumor cells, has high affinity for laminin and the YIGSR peptide [88, 89] .
Another peptide sequence, IKVAV, found on the a1-chain of laminin-111 supports angio genesis, cell migration, cell adhesion, cell spreading and neurite outgrowth [90] [91] [92] [93] [94] . The YIGSR and IKVAV peptides have wide applications for endothelial cell and neuronal cell studies. Earlier studies report that soluble laminin decreases levels of cAMP in axonal growth cones, thereby converting the netrin-mediated attraction of retinal axons to repulsion [95] . The YIGSR peptide can be used to mimic the properties of soluble laminin, such as inhibiting neurite growth, while the IKVAV peptide antagonizes the activity of soluble laminin [96] . Both of these future science group
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n GFOGER & DGEA peptides in collagen I A triple helical peptide derived from collagen type I, containing the peptide sequence GFOGER, specifically binds the a2b1 receptor and promotes osteoblastic differentiation [97] [98] [99] .
The interaction between integrin a2b1 and the GFOGER sequence in collagen I favors osteoblastic differentiation in vitro as well as enhancing osteoblastic activity in vivo [100, 101] . Recently, the GFOGER hexapeptide has been used for regenerative medicine applications, such as healing bone defects. Synthetic polycapro lactone scaffolds coated with this collagen mimetic peptide were implanted into nonhealing femoral defects in rats to promote bone repair [99] . An increase in bone formation was observed at the site of implantation without the need for growth factors or exogenous cells [99] . Therefore, this small biomimetic peptide derived from an ECM protein has a wide potential use for bone regeneration applications, especially when combined with the complementary scaffolds. In addition, the DGEA peptide sequence found in the cyanogen bromide peptide of collagen I binds integrin a2b1 [102] . This binding inhibits a2b1-mediated binding of platelets to collagen and interferes with a2b1 signaling in several cell types [102] [103] [104] . Furthermore, DGEA was reported to induce calcium transients in the human osteoblastic osteosarcoma-derived SaOS-2 cell line [105] . Therefore, the DGEA peptide derived from collagen might be a promising biomimetic peptide with which to study signaling events that involve collagen and integrin a2b1.
n Pln domain IV peptide Perlecan/HSPG2, a heparan sulfate proteoglycan, is an integral component of the basement membrane and is also found in the interstitial matrix of some tissues, including cartilage and bone marrow stroma [106, 107] . Domain I of Pln (PlnDI) contains three GAG sites and an SEA domain. A peptide sequence in domain IV of Pln (PlnDIV) (Figure 2 ) is involved in cell adhesion, spreading and focal adhesion kinase activation in a variety of cell types including C3H10T1/2, MG-63 and salivary acinar cells [108, 109] . In addition, recent studies from our laboratory demonstrated that this sequence supports differentiation of salivary gland cells and triggers their self-assembly into salivary units [109] . This peptide is ideal for tissue engineering applications involving epithelial cells. This sequence in PlnDIV is useful for cell types, such as endothelial cells, which have receptors that recognize this motif, as well as for cell types that sit on Pln-containing basement membranes. The exact nature of the receptor(s) for this sequence are not known, but they do not appear to be classical integrins [108] . Finally, recent data from our laboratory demonstrated that PlnDIV peptide is useful in 3D systems for the study of cancer cells growing in bone [110] .
n B(X)7B hyaluronic acid-binding motif Hyaluronan, also known as hyaluronic acid (HA), is a large GAG that typically surrounds nonpolarized and migratory cells. HA plays various roles in the ECM and in functions that include cell migration, cell adhesion, cell proliferation and activation of intracellular signaling events. The various activities of HA are a consequence of its binding to hyaluronan-binding proteins (HABPs). Numerous extracellular and cell-associated HABPs have been reported in the literature. Some of these include CD44, aggrecan, versican, link protein, P-32, RHAMM, CD37, IHABP, SPACRCAN and SPACR [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] . Many of these HABPs contain the 9-11-residuelong B-X 7 -B motif, in which B represents a basic amino acid and X consists of a nonacidic amino acid residue. IHABP, RHAMM, P-32, Cdc37, SPACRCAN and SPACR all interact with HA via the B-X 7 -B motif [121] . The B-X 7 -B motif can be used in various applications to induce proliferation, adhesion or other signaling events supported by hyaluronan. [123, [127] [128] [129] .
The use of PlnDI-coated scaffolds has numerous applications in regenerative medicine. PlnDI, in combination with collagen I or II can help trigger osteogenesis, chondrogenesis, vasculogenesis and several other tissue morphogenetic processes [130] .
Other approaches have used artificial conjugates such as lactose conjugated to silk fibroin for attaching hepatocytes to scaffolds [131] .
Linking ECM motifs to scaffolds
Many research groups are working to generate new scaffolds for tissue engineering applications. A synthetic scaffold that can be used to engineer tissues should provide mechanical support that is sufficient to withstand in vivo forces. Although the scaffold often is desired to be biodegradable, it also should be durable enough to maintain itself during tissue development and to last until the engineered tissue supports its own structure. In order for the scaffold to support the growth and differentiation of cells, it can be linked to ECM molecules or ECM-derived motifs that will aid in the growth and differentiation of cells as well as to help maintain tissue-specific function. Various cell adhesion peptides and function-mimicking peptides, including those mentioned in this article, can be used to create combinational scaffolds. Biomaterials such as polyethylene glycol, HA and polyglycolic/poly-l-lactic acid-based polymers are widely used as scaffolds in tissue engineering. Linking small peptides to polymeric scaffolds is much easier to reproduce and control than the linking of large heterogeneous ECM molecules. Small peptides, or synthetic or recombinant glycoconjugates are scalable and the outcome is reproducible owing to their small sizes and defined composition. Combinations of small peptides can be envisioned to provide cues to direct tissue-specific functions. Since most functional peptides are conserved at the level of protein sequence among most species, it is relatively easy to find human-compatible functional peptides that do not trigger an immune response.
Many biomaterials, especially hydrogels, are now designed to contain matrix metalloproteinase or plasmin-sensitive peptide sequences, such that protease-secreting cells can remodel the ECM and migrate within the scaffold [132] [133] [134] . In addition, invasion and migration of cancer cells can also be studied within these 3D scaffolds. Several synthetic and naturally derived polymers are in use for delivery of growth factors or morphogens to aid the differentiation of cells in the polymeric scaffolds [135] . In addition, the tissue engineering field is also utilizing biomaterials with nanoscale organizations as 'controlled-release reservoirs' for drug delivery in engineered matrices [136] . Several groups have sought to develop pro-or anti-angiogenic delivery systems by supplying VEGF or thrombospondin in scaffolds for use in regenerative medicine or tumor therapy [135] . These advances in the engineering of scaffolds by linking biomimetic peptides and designing drug delivery systems have opened many avenues for success in regenerative medicine.
Conclusion & future perspective
Regenerative medicine and the related field of tissue engineering can provide a promising alternative to the chronic treatment of lost or failed tissues and organs. The use of extracted bio active peptides derived from ECM that can mimic large ECM molecules is a promising frontier in the tissue engineering field. The development of synthetic ECM peptides that can be incorporated into biomimetic scaffolds and confer specific biological functions by binding to key receptors and activating downstream signaling is key to generating functional tissues. Several such peptides have been mined and tested as proof of principle, but there is a need for many more. Indeed, the amount of 'unmined ore' in the wealth of information in the ECM is extensive. Now that structural modeling of proteins and sophisticated techniques for protein ana lysis have reached the point that they can be made widely available to researchers, it is time for the research community to begin to dig once again into this rich soil for new and novel motifs for use in tissue science. Mining the extracellular matrix for tissue engineering applications Review
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Executive summary
Extracellular matrix
The basement membrane that underlines epithelial and endothelial tissues, and the extracellular matrix (ECM) proteins that guide the behavior of mesenchymal tissues are principal factors responsible for maintaining cellular phenotype and functionality. Epithelial, endothelial, muscle, fat and nerve cells are all surrounded by the basement membrane, which structurally supports them, acts as a barrier to invasion and provides functional cues for various processes, including their growth, differentiation and migration. The cells of the mesenchyme are surrounded by a loose or dense pericellular matrix, which provides them with functional cues.
Recreating ECM for tissue engineering applications
Identification of binding sites and key motifs in ECM proteins that interact with cellular receptors can allow researchers to generate small peptides that can mimic the function of large ECM proteins. ECM-derived motifs that have been used for modulating cell behavior can be useful for tissue engineering applications. Motifs such as the RGD amino acid sequence present in fibronectin, vitronectin and other ECM proteins, YIGSR and IKVAV from laminin, GFOGER and DGAE from collagen type I and perlecan/HSPG2 domain IV peptide from perlecan/HSPG2 are promising candidates for use in regenerative medicine.
Linking ECM motifs to scaffolds
The use of a biocompatible and biodegradable scaffold, which can be linked to ECM molecules or ECM-derived motifs, that will aid in the growth and differentiation of cells as well as help maintain tissue-specific function is desirable for tissue regeneration applications. Biomaterials can be designed to contain protease-sensitive peptide sequences for studying various processes, including tumor cell invasion. Scaffolds can also be engineered as drug delivery vehicles to aid/inhibit growth of specific cell types.
Conclusion & future perspective
Bioactive peptides derived from the ECM that can mimic large ECM molecules are promising tools in regenerative medicine. Although several biomimetic peptides have been mined, there is a need for more sequences that can aid cell survival, and provide a strong foundation for building the correct tissue architecture and function. 
